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Objective: For the radiographic evaluation of subchondral bone changes (sclerosis) in osteoarthritis (OA),
bone density (BD) is commonly subjectively assessed. BD evaluation using plain digital radiography
might be inﬂuenced by acquisition and post-processing (PP) settings. Objective of this study was to
evaluate the effects of these settings on the measurement of BD using digital radiographs.
Methods: A bone density standard (BDS) of hydroxyapatite (HA) mimicked a BD range of 1.0e5.75 g/cm2.
Digital radiographs were acquired with variation in acquisition settings, and with clinical and minimal
PP. An aluminum step wedge served as an internal reference to express the gray values of the BDS in mm
aluminum equivalents (mmAl). The relation (R2) between actual BD and BD normalized to the reference
wedge was evaluated with linear regression analyses for radiographs with variations in PP and acqui-
sition settings. Precision of BD measurement of the BDS was evaluated for application in clinical practice.
Results: The correlation between actual BD and BD normalized to the reference was improved by
changing PP from clinical (R2¼ 0.96) to minimal (R2¼ 0.98). Higher tube voltage [kilovolt (kV)] improved
the correlation further. Even for clinical PP, average standard deviation (SD) was 0.97 mmAl, much
smaller than the change of 2.51 mmAl clinically observed in early OA, which implies the feasibility of BD
measurements on digital radiographs.
Conclusion: Changing PP and acquisition settings in clinical practice can have profound effect on
outcome. If done with care, accurate BD measurement is feasible using plain digital radiography.
 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Changes in subchondral bone density (BD) are an important
feature of osteoarthritis (OA) and comprise a complex sequence of
changes in the subchondral bone plate and underlying trabecular
bone1,2. Formeasurement of BD severalmethods have been reported
on, including dual energy digital radiography (DEDR)3, quantitative
computed tomography (QCT)4, radiographic absorptiometry5, but
most importantly dual energy X-ray absorptiometry (DEXA)6 which
is the most validated and commonly used method. For evaluation of
structural changes due to OA, plain radiographs are commonly
acquired. If the quantitative evaluation of clinically relevant BD
changes on these radiographs is proved feasible, it obviates the needo: F.P.J.G. Lafeber, Rheuma-
al Center (UMC), Utrecht,
erlands. Tel: 31-88-758521;
afeber).
s Research Society International. Pto acquire additional DEXA scans. Thus far, radiographs are used by
rheumatologists and orthopedic surgeons for diagnosis of sclerosis
(presence of increased BD)7e9 and for grading of BD on categorical
scales10,11. Combining diagnosis and quantiﬁcation in one examina-
tion reduces time, costs, and patient radiation exposure.
Although the use of ﬁlm-screen radiography has been described
in the evaluation of BD9,12, this technique has been almost
completely replaced by digital radiography. The accuracy of digital
radiography in BD measurement has received no attention
however. One important feature of digital radiography is that image
post-processing (PP) is incorporated in the scan protocol. This PP
generally includes adjustment of contrast curves and application of
non-linear image ﬁlters to optimize image quality parameters such
as contrast and noise. PP aims at improving diagnostic readability,
rather than allowing quantitative analyses to assess BD changes for
longitudinal evaluation. Furthermore, the acquisition settings
including tube voltage (in kilovolt: kV), exposure (in milliampere
seconds: mAs), and ﬁltration can vary between technologists, exam
rooms, and institutes, which may inﬂuence cross-sectional or
longitudinal BD evaluation13,14.ublished by Elsevier Ltd. All rights reserved.
Default (55 kV): R2=0.99;
g=30.6+15.2x w-0.4x w2+0.004x w3
66 kV: R2=0.99;
g=30.3+12.5x w-0.3x w2+0.003x w3
44 kV: R2=0.99;
g=24.4+19.0x w-0.6x w2+0.006x w3
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Fig. 1. Gray values of the reference wedge for radiographs with Clinical PP. Mean and
standard deviation (SD: error bars) of three repeated radiographs at 55 kV (default:
black diamonds), 66 kV (dark gray circles), and 44 kV (light gray squares). Correlation
(R2) and equation between wedge steps (w) and gray value (g).
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sition settings, the inclusion of an aluminium (step) wedge in the
radiographic ﬁeld-of-view has been suggested.15,16 In this way the
gray values of the bone can be expressed in mm aluminum
equivalents (mmAl).
The objective of this study is to determine the feasibility of BD
evaluation using digital radiography. The inﬂuence of variations in
acquisition and PP settings on BD measurements was evaluated by
means of phantom experiments. To evaluate the applicability of BD
measurements in clinical practice, the precision was calculated and
compared to clinically observed BD values.
Methods
Evaluation of BDS
A perspex bone density standard (BDS) was constructed using
hydroxyapatite (HA: Ca5(OH)(PO4)3; SigmaeAldrich) to simulate
bone densities of 1.00, 2.00, 2.75, 3.50, 4.25, 5.00, and 5.75 g/cm2.
The BDS consisted of eight columns of 1515 mm2 (34 mm deep)
and was closed by a perspex lid resulting in a total of 6 mm of
perspex on the bottom and top of the columns. The BD range of the
BDSwas based on BD of the (subchondral) bone of a healthy human
knee joint (2.21 g/cm2, determined by DEXA).
Radiographs of the BDS were acquired using a clinical digital
radiography system (Digital Diagnost, Philips Healthcare, Best, The
Netherlands), equippedwithUnique PP software. An aluminum step
wedge (40 200 mm; the same in all digital radiographs) with
increasing thickness of 2 mm at each of 20 steps was added in the
ﬁeld-of-view of the BDS as an internal reference for BD measure-
ment. BD was measured on the digital radiographs by placing
a circular region of interest (ROI) with a diameter of 1 cm in each
column of the BDS. For this, the in-house developed Knee Images
Digital Analysis (KIDA) software was used16. This method enabled
semi-automatic extraction of the reference step wedge from the
image to calibrate pixel size in the image and to provide a look-
up-table for conversion of ROI values from the radiograph to
mmAl. To this end, a third order polynomial was ﬁtted to the wedge
for each radiograph (variation and repetition) separately (Fig.1). The
effect of X-rays hitting the referencewedge, BDS, and detector under
oblique angleswas taken into account in the KIDAmethod. The ROIs
were placed in the center of each step of the referencewedge and of
each column of the BDS where no partial attenuationwas observed.
To mimic the clinical situation a human cadaver knee (male
adult) was added to the radiographic ﬁeld-of-view (see Fig. 3) in
plane with the aluminum step wedge.
The default protocol for acquisition parameters and PP algo-
rithm was: a source image distance (SID) of 120 cm, 55 kV, 5 mAs,
no added tube ﬁltration, the BDS in the center of the ﬁeld-of-view
(from left to right: step wedge, BDS, and cadaver knee), and clinical
PP as determined by the manufacturer. This protocol was also used
for radiographs in the Dutch Cohort Hip & Cohort Knee (CHECK)
study in which 1002 participants with early signs of hip and/or
knee OA are monitored17. Based on this protocol, the following
settings were systematically varied:
(i) Acquisition parameters: 44, 55, or 66 kV; 5 mAs or automatic
exposure control (AEC); tube ﬁltration without added ﬁlter or
with 2 mm of aluminum; position of the BDS in the ﬁeld-of-
view at the center (with step wedge left and cadaver knee
right), at the outer right (with step wedge left and cadaver
knee at center), or at the top (with stepwedge left and cadaver
knee at center).
(ii) PP algorithm: either clinical (Unique) or minimal (with PP at
minimal strength).To assess reproducibility (precision), three repeated series of
radiographs were made in random order for each of the variations
in the acquisition parameters and in PP algorithm.Application in clinical practice
It was evaluated whether the results from the BDS experiments
have implications for BD evaluation in clinical practice. Therefore,
variation in BD measurement on the BDS was compared with
changes in BD measurement in knee radiographs from a large
clinical study in early OA (CHECK).
In this study knee radiographs of 1002 participants (n¼ 1095)
were acquired with the default settings with clinical PP, according
to the posteroanterior semiﬂexed protocol aimed at correct align-
ment of themedial tibia. In this study also an aluminum stepwedge
was added in the plane with the joint in the ﬁeld-of-view. Circular
ROIs were placed at the joint margins of the lateral and medial
femur, and lateral and medial tibia (for details see:16), to determine
BD in subchondral bone areas where fat marrow is expected not to
be of inﬂuence.
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Fig. 2. Correlation (R2) between actual BD and BD normalized to the reference wedge for A Clinical PP; BMinimal PP. Mean and standard deviation (SD: error bars) of three repeated
radiographs at 55 kV (default: black diamonds with regression line), 66 kV (dark gray circles), and 44 kV (light gray squares).
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Evaluation of BDS
DEXA scanning (Hologic Discovery) was used to validate the use
of the BDS for evaluation of BD measurement using digital radi-
ography. For digital radiographs linear regression analysis was used
to evaluate the relation between actual BD (HA in g/cm2: inde-
pendent variable) and measured BD by normalization of gray value
to the reference wedge (mmAl: dependent variable) for the eight
columns of the BDS. Regression coefﬁcients (b) with 95% conﬁdence
interval (95% CI) and explained variance (R2) were determined from
the mean BD values of three repeated radiographs. For R2 values
95% CI were determined by calculation of mean 1.96 standard
error of the mean (S.E.M.). Furthermore, impact of variations in kV,
mAs, tube ﬁltration, PP algorithm, and cadaver knee location was
investigated.
Application in clinical practice
To assess application in clinical practice, the precision (repro-
ducibility) of the BD measurement, which is dependent on acquisi-
tion of the digital radiographs and on KIDA measurement, was
evaluated. From the three repeated radiographs the mean and
standard deviation (SD) were calculated for each column separately.
Average SD was calculated as: square root (average variance). The
coefﬁcient of variation (CV) was determined as SD divided by mean
(*100%) for each column and the mean CV of eight columns. The SD
and CV were evaluated in three situations: default protocol with
clinical PP (CHECK), default protocolwithminimal PP, and66 kVwith
minimal PP (optimal settings). The SD was compared to the changesin BD found during 2 years of follow-up in the clinical study (CHECK).
Statistical analyses were performed using SPSS (Statistical Package
for the Social Sciences) 15.0 software.
Results
Evaluation of BDS
As expected an excellent correlation between actual amounts of
HA (g/cm2) and the BD values measured with DEXA (g/cm2) was
found: R2¼ 0.9947 0.005 (measured BD¼ 0.14þ 0.96  actual
BD). The DEXA value of the medial tibia of the cadaver knee was
1.70 g/cm2 (ROI placement according to KIDA).
In general for the digital radiographs a strong correlation
between actual and normalized BD was found for all investigated
acquisition settings (variation in kV settings: [Fig. 2(A)] for clinical
PP and [Fig. 2(B)] for minimal PP).
Table I presents for all radiographs R2 (correlation) with 95% CI,
b (regression coefﬁcients) with 95% CI, and constants (intercept) as
obtained with linear regression analyses. For all variations in
acquisition parameters the correlation was better for minimal PP
[Table I (B)] than for clinical PP [Table I (A)]. For example, for default
radiographs with clinical or minimal PP, R2 equaled 0.96 (95% CI:
0.94e0.97) or 0.98 (95% CI: 0.98e0.98) respectively. The regression
coefﬁcients (B) and the 95% CI around bwere smaller with minimal
PP than with clinical PP for all variations in acquisition parameters.
Correlation improved with higher kV, independent of PP settings.
Settings of mAs, position of the BDS in the ﬁeld-of-view, and
ﬁltration were of no inﬂuence on the correlation.
Figure 3 illustrates the appearance of radiographs with varia-
tions in acquisition and PP settings.
Fig. 3. Screenshot of digital radiographs: A Default and Clinical PP; B 66 kV, AEC and Clinical PP; C Default and Minimal PP; D 66 kV, AEC and Minimal PP.
M.B. Kinds et al. / Osteoarthritis and Cartilage 19 (2011) 1343e13481346Also for DEXA scanning of the cadaver knee a clear linear
correlation was found (R2¼ 0.91) between the actual DEXA BD
values and the mmAl values measured on the plain radiographs,
with ROI on the medial tibia on the DEXA and digital radiographs
(as in the KIDA measurement).Table I
Linear regression analyses: relation between actual BD and BD normalized to th
A Clinical PP; B Minimal PP
kV mAs Filter Position PP
A Clinical PP
Default 55 5 No Center Clinica
Variations in acquisition settings
Regular 66 0.45e0.52 No Center Clinica
kV 66 5 No Center Clinica
44 5 No Center Clinica
mAs 55 0.62e0.77 No Center Clinica
Filter 55 5 2 mmAl Center Clinica
Position 55 5 No Right Clinica
55 5 No Top Clinica
B Minimal PP
Default 55 5 No Center Minim
Variations in acquisition settings
Regular 66 0.42e0.51 No Center Minim
kV 66 5 No Center Minim
44 5 No Center Minim
mAs 55 0.60e0.80 No Center Minim
Filter 55 5 2 mmAl Center Minim
Position 55 5 No Right Minim
55 5 No Top Minim
Variations in acquisition settings marked in bold, mAs: ﬁxed value of ﬁve mAs or rang
regression equation.Application in clinical practice
Table II presents the mean, SD, and CV of measured BD per
column of the BDS, respectively for default protocol with clinical PP
(A), default with minimal PP (B), and for 66 kV and minimal PP (C).e reference for default radiographs and variations in acquisition settings for
R2 (95% CI) b (95% CI) Cons
l 0.96 (0.94e0.97) 4.89 (3.86e5.93) 3.57
l 0.97 (0.96e0.98) 5.19 (4.22e6.16) 3.31
l 0.97 (0.96e0.98) 5.26 (4.31e6.20) 3.34
l 0.89 (0.87e0.91) 3.87 (2.52e5.23) 4.06
l 0.95 (0.94e0.96) 4.73 (3.66e5.81) 3.74
l 0.96 (0.93e0.98) 4.98 (3.94e6.02) 3.72
l 0.97 (0.95e0.98) 5.92 (4.78e7.05) 3.29
l 0.94 (0.93e0.95) 5.34 (4.03e6.65) 5.67
al 0.98 (0.98e0.98) 4.52 (3.86e5.17) 4.51
al 0.99 (0.98e0.99) 4.74 (4.21e5.27) 4.51
al 0.99 (0.99e0.99) 4.73 (4.27e5.20) 4.76
al 0.93 (0.92e0.94) 3.65 (2.64e4.66) 4.74
al 0.98 (0.97e0.98) 4.48 (3.76e5.20) 4.48
al 0.98 (0.98e0.99) 4.51 (3.90e5.13) 4.49
al 0.99 (0.99e0.99) 4.84 (4.30e5.38) 3.48
al 0.99 (0.99e0.99) 5.02 (4.50e5.55) 3.92
e for three repeated radiographs provided in case AEC was used, Cons: constant in
Table II
BD normalized to reference: mean, SD, and CV for three repeated radiographs for A default and clinical PP; B default and minimal PP; C 66 kV and minimal PP
A default and clinical PP B default and minimal PP C 66 kV and minimal PP
BD (HA) Mean SD CV Mean SD CV Mean SD CV
(g/cm2) (mmAl) (mmAl) (%) (mmAl) (mmAl) (%) (mmAl) (mmAl) (%)
0.00 1.93 0.47 24.1 2.78 0.27 9.9 3.43 0.20 6.0
1.00 7.06 0.16 2.3 9.51 0.12 1.3 9.83 0.06 0.6
2.00 14.39 0.18 1.3 14.15 0.32 2.3 14.85 0.22 1.5
2.75 18.17 1.36 7.5 17.04 0.45 2.6 17.93 0.48 2.7
3.50 24.10 0.84 3.5 22.21 0.44 2.0 22.65 0.36 1.6
4.25 25.45 1.28 5.0 24.85 0.42 1.7 25.51 0.38 1.5
5.00 27.49 1.81 6.6 25.84 0.52 2.0 27.54 0.40 1.4
5.75 28.66 1.69 5.9 29.21 0.81 2.8 31.13 0.65 2.1
Average 1.15 7.0 0.46 3.1 0.38 2.2
BD (HA): actual BD in HA.
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increased with increasing BD values of the BDS. The CV did not
systematically increase with increasing BD. The CV was highest in
the column with BD 0.00 (without HA), where mean BD values in
mmAl were relatively low and SDs relatively large, for all radio-
graphic protocols. The SD was largest for default radiographs with
clinical PP (compared to radiographs with minimal PP) with
average SD of 1.15 mmAl (95% CI: 0.66e1.49) and largest SD of
1.81 mmAl. The average SD was found to be slightly larger
(1.22 mmAl; 95% CI: 0.65e1.60) when only the clinically relevant
range was used (ﬁve columns ranging from 2.0 to 5.0 g/cm2).
When BD measurement with KIDA was applied on the cadaver
knee, BD normalized to the reference was 21.46 mmAl in the
medial tibia. BD measurement in clinical practice (CHECK) resul-
ted in mean BD of the medial tibia of 25.34 mmAl, with an SD of
6.67 mmAl at baseline (n¼ 1095 knee joints). The mean increase
from baseline to 2-year follow-up was 2.51 mmAl (SD:
6.76 mmAl), which was larger than the average (and largest) SD
for measurement on the BDS on radiographs according to clinical
practice (default with minimal PP). An even larger increase in BD
of 4.80 mmAl (SD: 4.38 mmAl) was found in a subgroup of 17
knee joints with actual radiographic progression during 2-year
follow-up (based on change of Altman grade of medial tibia
sclerosis (increased BD) from zero: absent to one: present).
Discussion
This is the ﬁrst study to demonstrate that BD measurement on
plain digital radiographs is feasible. However, since variations in
digital radiography settings at acquisition inﬂuence the outcome,
BD measurements should be interpreted with caution. In clinical
practice variations in acquisition settings within institutes and
speciﬁcally between institutes (in multicenter trials such as the
CHECK study) have been found to vary in the ranges as described in
the present study. Furthermore, differences in performance
between different brands and types of digital radiography systems
will exist.
Digital radiographs without a reference need to be evaluated
with caution since in optimization of images, PP algorithm plays
an important role. For example, in the longitudinal evaluation of
a knee joint, the clinical PP algorithm might yield radiographs
with a similar appearance while BD actually changed based on
disease (e.g. OA) or while acquisition settings are different
[Fig. 3(A)] compared to [Fig. 3(A)]. On the other hand, radiographs
might appear different as a result of variations in PP settings (or
different radiography systems) within and between centers rather
than as a result of BD changes [Fig. 3(A)] compared to [Fig. 3(A)].
Although in clinical practice variations in digital radiography and
PP settings will occur that inﬂuence BD measurement, theaddition of a reference enables an adequate assessment of the
gray values.
One limitation of the present study might be that the used BDS
is a simpliﬁed representation of tissue composition of a human
knee without anatomical resemblance. However, the mean BD
values determined with DEXA at the medial tibia (similar to KIDA)
were 2.21 g/cm2 for the healthy human knee joint, with a linear
correlation with BD values on digital radiographs (R2¼ 0.91), and
1.70 g/cm2 for the cadaver knee joint, which showed that the BDS
represented a clinically relevant range.
The BDS experiments indicated that the precision of BD
measurement could be increased by using minimal PP rather than
clinical PP and by applying relatively high kV. The relation between
actual BD and BD normalized to the reference is weak when low
tube voltage (44 kV) is used especially at larger BD values, which
might be due to relatively more absorption of the beam by the knee
joint. Although the application of higher kV improves linearity of
the relation between actual and normalized BD, patient exposure
needs to be taken into account. Improved accuracy without addi-
tional patient exposure can be reached by using higher kV in
combination with lower mAs. Applying minimal PP to improve
accuracy is not easily applicable in regular clinical practice since
clinical PP is required to provide optimal diagnostic image quality,
and in general cannot easily be bypassed in clinical practice.
In conclusion, the BDS experiments and the comparison to clin-
ical data indicate that BD measurement using digital radiography is
feasible in a clinically relevant range. Variations in acquisition andPP
settings within and between clinics can have profound effect on BD
evaluation and should therefore be considered with caution.
As compared to the default clinical protocol, the accuracy of BD
measurements can be improved by applying only minimal image
PP and a relatively high kV. Provided properly performed, plain
digital radiography may yield, in addition to OA characteristics,
reliable data on BD which reduces the need for additional imaging
techniques.
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